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Abstract
This thesis presents fabrication and characterization of a small scale photoelectro-chemical (PEC) solar cell.
The cell consists of a p-type silicon cathode with an etched micro-cavity that
houses the zinc chloride electrolyte solution, and the cavity is covered by a sheet of zinc
acting as the anode. The cell operates using a semiconductor-electrolyte junction instead
of the p-n junction of a conventional solid state solar cell. The silicon electrode is
fabricated by controlled wet etching so that the bottom of the micro-cavity becomes a
very thin membrane, which allows photons to penetrate and reach the semiconductorelectrolyte interface for the generation of excess electron-hole pairs. The separation of the
excess charge carriers by the junction built-in electric field results in a photopotential
across the semiconductor-electrolyte junction.
Silicon electrodes with different membrane sizes were successfully fabricated in
the Nano-Electro-Mechanical Systems (NEMS) lab at the University of Denver. The
electrical characteristics of the PEC solar cells were obtained and will be discussed in this
thesis.
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Chapter One: Introduction

1.1 Motivation
Micro-Electro-Mechanical

Systems

(MEMS)

are

small-size

devices

of

micrometer measure, which usually consist of electrical components and/or moving parts.
MEMS sensors and actuators are found in a variety of today’s automobile and electronic
applications. For example, MEMS sensors are used in the triggering mechanism for
airbag deployment in automobiles, radio frequency (RF) switching devices in cellphones
and other wireless communication devices, and chemical and biological detection.
MEMS actuators are used for optical and ultrasound imaging among others. As research
and technology have developed into micro-and nano-scale, microfabrication techniques,
originally established for the Integrated Circuit (IC) fabrication and semiconductor
processing have been adapted from the microelectronics industry for MEMS device
fabrication. Such techniques contain a series of layered processes to create structures on
thin and flat silicon substrates which include doping, oxidation and physical/chemical
deposition that add materials to the silicon substrate, photolithography that creates and
transfers patterns onto the substrate, and wet/dry etching for removing or patterning
1

different layers. Microfabrication methods feature batch processes in which large
quantities of devices are produced as the result of a single operation, leading to a low perdevice production cost.
The work presented in this thesis was inspired by the idea of applying
microfabrication methods to create a miniaturized Photo-Electro-Chemical (PEC) solar
cell. PEC solar cell operates on semiconductor-electrolyte junction which is formed
easily by just having the two materials in contact. The simplicity of forming such a
junction leads to an easier fabrication process and therefore could reduce the fabrication
cost of solar cells. In comparison, the fabrication of a traditional solid state solar cell
requires energy-intensive high-temperature and/or vacuum processing due to the
requirements of p-n junction formation.
The purpose of this work is not to maximize the conversion efficiency, but rather
to demonstrate the fabrication of the assembled and sealed version of the PEC solar cell
using low cost materials and a relatively simple fabrication process. The potential
applications of such cells include compact power sources for wireless actuators and micro
sensor networks, and development of rechargeable solar batteries that can generate and
store electrical energy simultaneously [1].
1.2 Thesis Overview
The objective of this work is to fabricate and characterize small-scale PEC solar
cells using silicon micromachining techniques. The major contributions of this thesis are:
the fabrication of the silicon container with a very thin membrane (20-50 μm) acting as
the active electrode area, characterization and minimization of the contact resistance
2

between the silicon electrode and metallic terminals, and characterization of the I-V curve
of the assembled solar cell.
This thesis is organized as follows. Chapter 1 introduces the concept of PEC solar
cell and presents a review of currently available PEC solar cells in aspects of materials,
fabrication methods and performance. Chapter 2 details the working mechanism of
semiconductor-electrolyte interface, and presents the structural design of the proposed
miniaturized PEC solar cell. As the shape of the silicon electrode is the unique feature of
the PEC solar cell in this work, the fabrication process will be emphasized in Chapter 3,
especially the wet etching principles and steps that are applied to achieve the thin
membrane. Chapter 4 demonstrates the electrical characteristics of the PEC solar cell.
Lastly, Chapter 5 summarizes this thesis and proposes future work.
1.3 Literature Review
Photoelectric effect in electrochemical systems was discovered by French
scientist Edmond Bacquerel in 1839

[2]

. A current was measured between the two

platinum electrodes immersed in metal halid salt solution under illumination. Not much
progress had been made in PEC study until over a century later, in 1972 when Fujishima
and Honda first reported a PEC cell for water decomposition [3]—the energy of light was
converted into chemical energy of hydrogen and oxygen. Their system contained an ntype titanium dioxide (TiO2) electrode and a platinum (Pt) counter electrode separated by
a porous diagram in an aqueous electrolyte. The oxidation reaction (oxygen evolution)
occurred at the irradiated TiO2 electrode and the reduction reaction (hydrogen evolution)
occurred at the Pt electrode, resulting in a current flow from Pt to TiO2 electrode through
3

the external circuit. The system achieved a photovoltage of 0.5V and the estimated
quantum efficiency was 0.1. Soon after, an oil crisis in 1973 stimulated a worldwide
effort to search for alternative energy sources. Fujishima and Honda’s work on the first
PEC cell for energy conversion applications attracted great attention because the outcome
hydrogen is a convenient fuel with near-zero greenhouse gas emission. Research in PEC
cells started gaining popularity. Investigators of PEC solar cells mainly focused on two
types: photoregenerative cells and photosynthetic cells

[4]

. The miniaturized PEC solar

cell proposed in this work falls into the category of photoregenrative cell, which converts
optical energy to electrical energy without the change of the free energy of the redox
electrolyte/ net chemical change. The photogenerated electron-hole pairs are separated in
the space charge region, and oxidation and reduction reactions occur at the
photoelectrode and the counter electrode. Electron transfer is the prevalent mechanism.
Photosynthesis cells operate based on similar principle but with two electrolytes which
are separated into anodic and cathodic compartments to prevent the mixing of the two
redox couples. Photosynthetic cells can be further categorized into two types

[5]

:

photocatalysis cell, where light merely serves to accelerate the reaction leading to an
increase in the current flow; the other type is photoelectrolysis cell, where optical energy
is converted into chemical energy, as described in Fujishima and Honda’s work [2].
Garrett and Brattain’s work

[6]

(1955) laid down the physical theory of the space

charge region and surface states of semiconductors for the research of wet-type PEC cells.
In the 1970’s Gerischer started systematic studies of PEC cells
investigation on the performance of sensitized material
4

[4]

[7-11]

including

and stability of the

semiconductor electrode
the

properties

of

[5]

. His most cited work

semiconductor-electrolyte

[12]

(1975) showed a detailed study of

interface

from

solid

state

and

photoelectrochemical aspects. And his work also discussed the conditions that were
required for generating photocurrents. In addition, a simple cell design with a reversible
redox system as electrolyte was described and tested. The photoelectrodes were made of
relatively low band gap n-type semiconductor materials cadmium sulfide (CdS),
cadmium selenide (CdSe), and gallium phosphide (GaP), which can absorb in the visible
light region. The band gaps of CdS, CdSe, and GaP are 2.42 eV, 1.74 eV, and 2.26 eV,
respectively. In comparison, TiO2 can only absorb in the UV region because of its large
band gap of 3.2 eV, which limits the cell’s overall conversion efficiency. Fijishima and
Honda chose TiO2 because TiO2 is known to be stable against decomposition under
conditions where water is being oxidized. Even though TiO2 is favored in studies of
water photoelectrolysis, it is not promising that TiO2 can be widely used for solar cells
fabricated for practical applications because of its large band gap. Semiconductor
materials of smaller band gaps which can absorb in the visible light spectrum face the
problem of their long-term stability under illumination. In Pleskov’s review article (1984)
on PEC solar cells

[13]

, the chemical stability of several semiconductor materials are

analyzed for water decomposition. TiO2, strontium (SrTiO3) and barium (BaTiO3)
titanates are stable against photocorrosion, however, their large band gaps determine that
they are only sensitive to UV light. Tungsten (WO3) and iron (Fe2O3) trioxides have
narrow bang gaps but they are less stable as photoanode. Using p-type semiconductors as
photocathode proves to have satisfactory performance against photocorrosion, but it
5

requires a considerable amount of external voltage which greatly reduces the conversion
efficiency.
Researchers have made a lot of effort to improve the efficient absorption of
visible light and to minimize photocorrosion. Gräztel proposed a method of using a wide
band gap semiconductor for its chemical stability and an electron transfer sensitizer to
absorb in visible light spectrum to inject charge carriers across the semiconductorelectrolyte junction

[14-18]

. O’Regan and Gräztel, who reported the first dye sensitized

solar cell (DSSC) in 1991 [19], described a PEC cell based on porous nanocrystalline TiO2
photoanode, coated with a monolayer of a charge-transfer dye to sensitize the film for
light harvesting. The functions of charge transport and photoelectrons generation are
separated in a DSSC. Because of the ideal spectral characteristics of the dye, the device
harvests a high proportion of the incident solar energy flux (46%) and the light-to-electric
conversion efficiency is 7.1-7.9% in simulated solar light and 12% in diffuse daylight. In
2013, Grätzel and his team applied a new fabrication process and raised the efficiency of
DSSC to a record 15% [20]. Over the years other researchers have participated in research
in DSSC and expanded Gräztel’s work. For example, Cao and Oskam studied the
photocurrent transient response of DSSC using porous nanocrystalline TiO2 (1996) [21, 22].
Watanabe and Nokamori fabricated a solid state DSSC (TiO2/dye/CuI) by controlled
filling of the porous dyed TiO2 film with molten salt capped CuI crystals

[23]

(2003).

Replacing the liquid electrolyte with quasi-solid hole transport material tackles the
technical problems of DSSC such as dye desorption and degradation, as well as solvent
evaporation and leakage. Their cells achieve an efficiency of 3.8% with improved
6

stability under 2-week continuous illumination. In another effort, Tadesse and Yohannes
(2012)

[24]

reported a solid state PEC cell using conducting polymers and PCBM

mixtures. Nanocrystalline and conducting polymer materials are used as photoelectrode
for their relatively low recombination loss

[25]

. Special attention has been given to the

characteristics of the PEC cells and practical realization of the conversion process.
1.4 Background
1.4.1 Characteristics of Silicon
Among popular semiconductor materials used for photovoltaic cells such as
copper indium gallium selenide (CIGS) and cadmium telluride (CdTe), silicon is the most
prevalent for its low raw material cost. Mono- and poly-crystalline as well as
noncrystalline (amorphous) silicon are all widely used in different kinds of solar cells.
Silicon has a diamond lattice structure where each silicon atom is surrounded by
four nearest neighbor atoms (Figure 1-a). The outer electron orbital of silicon has four
valence electrons (Figure 1-b). At absolute zero the electrons that form the covalent
bonds are “localized” and cannot move, therefore they cannot participate in conduction.
However, at temperature above absolute zero some electrons may be thermally excited
and gain enough energy to break the bond and travel to a different location, leaving an
electron vacancy or “hole” in its original position. In intrinsic (pure) silicon the number
of excited electrons is equal to the number of holes which is
temperature.

7

at room

Figure 1. The silicon lattice and covalence bonds. [26]
Small amount of other substances (dopants) can be added to silicon to alter its
conductive properties. Usually the dopants are group III or group V elements of the
periodic table. For example, when phosphorous, a group V element which therefore has
five valence electrons, is inserted into a silicon lattice, only four valence electrons from
each atom are needed to form the covalent bonds with the silicon atom. As a result, an
extra electron is free to move around the silicon lattice and contributes to conduction.
Such doped silicon is called n-type semiconductor because the charge carriers are
electrons which are negatively charged (Figure 2-a). When silicon is doped with a group
III element such as boron, an element that has three outer shell electrons, an extra hole
will be introduced to the silicon lattice (Figure 2-b). This type of doped silicon is called
p-type semiconductor because it has excess positively charged carriers (holes). The major
purpose of doping is to create a p-n junction at selective areas of a wafer for electronic

8

device production. In addition, doping can also be applied to modify the resistivity of
semiconductor materials.

Figure 2. N-type and p-type silicon. [27]
1.4.2 p-n Junction
P-n junction is the basic component of solid state electronics. It is also the
essential element of solid state solar cells because it converts the energy of light into
electricity. A p-n junction is formed when p-type and n-type semiconductors are placed
together. Electrons from n-type semiconductor tend to diffuse into the p-type side,
leaving positively charged donor ions in the n region. Likewise, holes from the p-type
side flow to the n-type side, leaving negatively charged acceptor ions exposed in the p
region. The initial transfer of carriers creates an electric field opposed to the diffusion
of the carriers (Figure 3). The magnitude of the electric field gradually increases to a
degree where any free carriers that come into this region will be forced out immediately.
Therefore, the region containing the electric field is called “the depletion region”, also
9

known as “the space charge region”. A built-in potential V exists across the depletion
region due to the electric field . Their relationship is

is the length of the

depletion region. Figure 4 and Figure 5 illustrate the energy bands of the p-type and ntype semiconductors before and after they form a p-n junction. At thermal equilibrium,
the n-type semiconductor’s conduction and valence bands bend upwards whereas the
ones of the p-type bend downwards near the interface and a constant Fermi energy is
reached throughout the p-n junction.

10

Figure 3. A p-n junction in thermal equilibrium.
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Figure 4. Energy band diagrams of the p-type and n-type semiconductor.

Figure 5. Energy band diagram of p-n junction.
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1.4.3 Solid State Solar Cell
Solar cells can be classified into three categories

[28]

: solid state photovoltaic (p-n

junction) solar cells, metal-semiconductor based PEC solar cells, and semiconductorliquid junction based PEC solar cells. The solar cell field has been dominated by solid
state p-n junction solar cells for a very long time.
The working mechanism of a conventional solid state solar cell is based on optical
excitation of excess carriers in the p-n junction. When the solid state solar cell is
illuminated and the incident photons fall upon the semiconductor surface, one of the
following three events will happen:
(1) The photon is reflected;
(2) The photon passes through the semiconductor when its energy is smaller than the
band gap of the semiconductor (

).

(3) The energy of the photon is absorbed by the semiconductor and excites an
electron from the valence band to the conduction band when its energy is greater
than or equal to the band gap of the semiconductor (

.

In the third scenario, the light-generated electrons and holes in the depletion
region are swept away in opposing directions by the built-in electric field. Holes travel to
the p-type side and electrons travel to the n-type side. In other words, these optically
generated charge carriers travel to the side of the semiconductor where they are the
majority carriers. If a wire is connected between the two terminals on the p-type and ntype sides, a current flow can be measured in the external circuit (Figure 6). In solid state
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solar cells, the semiconductor conducts both tasks of light absorption and charge carrier
transport [29].

Figure 6. Solid state solar cell structure.
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Chapter Two: PEC Solar Cell Operation Principles

2.1 Semiconductor-Electrolyte Junction
2.1.1 The Semiconductor-Electrolyte Interface at Equilibrium
When a semiconductor is first brought into contact with a redox electrolyte, the
Fermi energy (

)/electrochemical potential is disparate across the interface. To reach

equilibrium electrons will flow from the higher Fermi energy material to the lower until
the Fermi energy of the two materials is equal, resulting in the depletion of the majority
carriers within the semiconductor near the interface. Therefore, at the equilibrium
condition the semiconductor energy bands bend near the interface creating a potential
drop

. The magnitude of the corresponding electric field

is equal to the Fermi level

difference between the semiconductor and the redox electrolyte before they come into
contact (Equation (1)).
(1)
The electrochemical potential of the electrolyte E

is measured against the

Standard Hydrogen Electrode (SHE) in electrochemistry, whereas Fermi energy is
referring to the vacuum level. In the SHE reference the reduction reaction of H+ to H2 is
15

assigned the potential of zero volts and SHE is below the vacuum level by 4.5eV,
therefore Equation (2) relates Fermi energy and electrochemical potential of the redox
electrolyte to the same energy scale, both referring to the vacuum level.
(

(2)

Figure 7 and Figure 8 demonstrate the band diagrams of the p-type and n-type
semiconductors with a redox electrolyte before and after reaching thermal equilibrium.
On the semiconductor side, the equilibrium process causes the forming of the depletion
region near the interface. While on the electrolyte side, a very thin layer (~1nm) of the
opposite charge is induced near the interface, known as the Helmholtz layer. The width of
the depletion region is much greater than the Helmholtz layer because the carrier density
inside the semiconductor is much smaller than that of the electrolyte solution. The builtin electric field resulted from the potential difference across the interface is crucial for the
generation of photocurrents. The above equilibrium process is analogous to a Schottky
junction (semiconductor/metal interface).

16

Figure 7. The band diagrams of a semiconductor and a redox electrolyte before
equilibrium.

Figure 8. The band bending of a semiconductor in contact with a redox electrolyte
after equilibrium.
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2.1.2 The Semiconductor-Electrolyte Interface under Illumination
When the semiconductor electrode is illuminated, an incident photon of energy
greater than the band gap (

can be absorbed and excites an electron from the

valence band to the conduction band, leaving a hole behind in the valence band. The
optically generated electron-hole pairs in the depletion region are separated by the builtin electric field across the interface and swept away to opposite directions. The direction
of the built-in electric field determines that the majority carriers move towards the bulk of
the semiconductor and the minority carriers move towards the semiconductor-electrolyte
interface. Because of the separation of these excess charge carriers, an electric field of the
opposite direction of the original one is formed and partially compensates the magnitude
of the original one. As a result, band bending is reduced and the Fermi level of the
semiconductor and the electrolyte is no longer aligned (Figure 9). A photopotential Vph
is obtained at open circuit. If a counter electrode is provided and the two electrodes are
connected through an external circuit with a load, then a photocurrent can be measured.

18

Figure 9. The band bending of a semiconductor in contact with a redox electrolyte
under illumination. Vph is the photo-potential.
2.2 Proposed PEC Solar Cell Structure
Based on the knowledge of the semiconductor-electrolyte junction discussed in
the previous section, the existence of the built-in electric field across the junction is a
necessary condition for the PEC solar cell to function properly because it separates the
photogenerated charge carriers. The formation of the depletion region at equilibrium
requires a suitable combination of the semiconductor and the redox electrolyte—the
Fermi levels of the two materials must be different in a certain way: for a p-type
semiconductor as photoelectrode, the Fermi level of the redox electrolyte should be
higher than the Fermi level of the semiconductor, while for n-type semiconductor, the
Fermi level of the redox electrolyte should be lower. However, when the Fermi levels of
the two materials are equal, no electron flow will occur across the interface and therefore
19

no depletion layer will be formed. In such a case, the redox potential of the electrolyte is
called “the flat band potential

”, because no band bending occurs. The flat band

situation is not favorable for the purpose of fabricating a PEC solar cell.
In this project, a PEC solar cell structure shown in Figure 10 is proposed. The
photoelectrode is made of a p-type silicon wafer by microfabrication techniques. It
contains a micro-cavity that houses the ZnCl2 electrolyte solution. The redox couple
Zn/Zn2+ is chosen in consideration of the chemical reaction that happens at the
photoelectrode being reversible at the counter electrode which is an 1mm-thick piece of
zinc. The cell is sealed with a thin layer of Loctite® super glue between the two
electrodes. The standard reduction potential of Zn2+ (aq) is
Equation (2) the Fermi level of Zn2+(aq) is
energy of silicon is

to

[30]

, according to

. And a typical value of the Fermi

. Since the Fermi level of the redox electrolyte is

higher than the semiconductor, a built-in electric field will be obtained at equilibrium
when the two materials are in contact. Priced at $0.81 per pound, zinc is a low-cost and
easily accessible material to use in the presented PEC solar cell. Table 1 lists the standard
reduction potential of common metals

[31]

and their corresponding Fermi energy. Even

though there are a variety of redox couples that meet the condition
type photoelectrode, the greater the difference

for a p-

, the stronger the bands are

bent in equilibrium, which causes better separation of the light-generated electrons and
holes, and therefore leads to a higher efficiency of the solar cell.

20

Table 1. Reduction potential and Fermi energy of common metals [14]
Fermi level
Reductant (aqueous)

Reduction potential

(V)
(

Li+
Na+
Mg2+
Al3+
Zn2+
Fe2+
H+

0

Fe3+
Cu2+
Ag+

0

0

Au3+

0

0

21

Figure 10. Schematic profile of the proposed PEC solar cell. [32]
In the PEC solar cell shown in Figure 10,

is higher than

, electrons

diffuse from the redox electrolyte to the semiconductor, forming a depletion region of
holes inside the semiconductor near the interface. Upon illumination, the photo-generated
electron-hole pairs in the depletion region are separated by the built-in electric field
where electrons are moving towards the electrolyte solution and holes are moving
towards the bulk of silicon. At the semiconductor-electrolyte interface, Zn2+ ions from the
ZnCl2 solution are reduced with the optically generated electrons that travel to the
interface; whereas at the zinc counter electrode, solid zinc is oxidized to Zn2+ ions and
then enter the electrolyte solution. In result, the reduction reaction happening at the
photoelectrode is reversed at the zinc counter electrode. The chemical reactions occurring
at the two electrodes are:
Reduction reaction at cathode (Si):
Oxidation reaction at anode (Zn):

(
(
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(
(

Figure 11 illustrates the redox reaction and the energy bands of the PEC solar cell
in operation. The composition of the electrolyte solution is invariant and there is no net
material gain or loss of the overall chemical reaction. Gradual consumption of the zinc
electrode does not affect the performance of the PEC solar cell due to the fact that the
consumption and recovery of zinc is spontaneous during the cell operation.

Figure 11. The band diagram of a cell in operation showing the redox reactions.
An alternative structure is to use a piece of copper as the counter electrode and
add zinc powder in the cavity of the photocathode (Figure 12). During the cell operation,
zinc powder is being oxidized to Zn2+ ions entering the solution, while on the surface of
the inner membrane Zn2+ ions are reduced to solid zinc. The solid zinc accumulates at
the membrane and eventually falls off onto the zinc electrode, so there is no net
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consumption of the zinc powder. The redox reactions happening at the two electrodes are
the same as the structure shown in Figure 10, except that the Zn2+ ions entering the
electrolyte solution is provided by the zinc powder in the micro-cavity instead of by the
counter electrode. The disadvantage of this structure is that zinc powder takes up space in
the cavity resulting in smaller space for the electrolyte solution compared to using a piece
of solid zinc as the counter electrode. The zinc powder also makes it more difficult to
assemble the cell with glue since it is hard to handle. Therefore the PEC solar cell
samples for testing were assembled according to Figure 10.

Figure 12. Schematic Profile of the PEC cell with copper counter electrode.
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Chapter Three: Silicon Electrode Fabrication Methods and Results

The silicon electrode of the PEC solar cell in this work was fabricated using
micro-fabrication methods in the clean room of the NEMS lab in the University of
Denver.

Microfabrication

methods

consist

of

two

basic

categories:

surface

micromachining—the process to create patterns or structures on the wafer from deposited
layer(s) and bulk micromachining—selectively etching a wafer to create structures.
Figure 13 shows a typical microfabrication process including deposition, lithography and
etching. The process may not proceed linearly because for a complicated MEMS device
the wafer has to go through certain steps more than once. For the fabrication of the
silicon electrode of the PEC solar cell proposed in this project, the process starts from
adding materials on top of the wafer by doping, oxidation and deposition, then proceeds
to lithography and etching. In the following sections I will introduce each method and
present the fabrication recipe in detail.
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Figure 13. Microfabrication Process.
3.1 Doping
Selective doping is an important process in semiconductor device fabrication. It
can be used to modify wafer resistivity or create p-n junctions at selective areas on the
wafer. Doping can be achieved by thermal diffusion or ion implantation. During thermal
diffusion, the dopant material spreads from regions of higher concentration in the wafer
to regions of lower concentration. The mass flux of the dopant material is proportional to
the dopant concentration gradient in the wafer. And the dopant distribution is dependent
on both temperature and time. In this work, we doped the existing p-type wafer with ptype dopant (Boron) to reduce its surface resistivity by thermal diffusion.
Ion implantation is performed while the wafer is spinning by bombarding it with
accelerated ions which penetrate the surface to a maximum depth of a micron. This
method provides a more uniform dopant distribution and is typically used for well26

controlled doping. The energy level of the particle accelerator controls the doping
concentration. However, the ion implantation process damages the crystal atomic
configuration of the wafer. Therefore an “annealing” process is usually needed to repair
the physical defects of the wafer.
3.2 Oxidation
A silicon wafer normally has a thin native oxide layer (20-30nm) from being in
contact with air. To obtain a thicker layer of oxide as a sacrificial layer or as a mask in
subsequent processes, there are two basic thermal oxidation methods that can be
applied—dry oxidation and wet oxidation. Both methods require the use of furnace at
800-1200ºC.
The chemical reaction for dry oxidation is:

The chemical reaction for wet oxidation is:

Dry oxidation can generate an oxide layer of hundreds of nanometers, and the
quality of the oxide layer is very high. Wet oxidation does not generate as high quality
oxide layer as the dry oxidation method does, but the presence of water vapor increases
the reaction rate greatly allowing thick oxide layers to be generated in a shorter amount
of time. The wet oxidation method is preferred when a thick oxide layer is needed on the
wafer.
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In this work, the oxide layer served as a hard mask to protect the silicon in the wet
etching process. The wafer was oxidized using the wet oxidation method for 10 hours at
1100 ºC and a relatively thick oxide layer of ~2.2 µm was obtained according to Figure
14.

Figure 14. Wet Oxidation Thickness Growth Rate [33].
3.3 Photolithography
Photolithography is a surface micromachining method for generating patterns on
silicon wafers. The first step is to deposit a light-sensitive material called photoresist.
Positive photoresist becomes more soluble to the developer after being exposed to UV
light. As a result, the exposed part will be removed after development, leaving a positive
image of the mask pattern on the wafer. In contrast, negative photoresist becomes less
soluble after exposure; consequently, a negative image of the mask pattern will be
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transferred onto the wafer. In this work we chose positive photoresist because it is less
sensitive to environmental parameters hence easier to work with.
The photoresist in liquid form is deposited on the wafer as a thin film by a highspeed spinner (Figure 15). The thickness of the photoresist depends on the rotation speed
of the spinner. The thicker the photoresist, the higher the energy it requires for exposure.
In this project the photoresist was deposited on both sides of the wafer. The side that was
not going to be patterned (referred to as “the back side” of the wafer in this thesis) was
deposited first at a lower rotation speed because a thick layer of photoresist was desired.
The other side of the wafer (referred to as “the front side”) was then deposited at a higher
speed and patterned in the next process.

Figure 15. Spinner. [34]
29

A single plastic mask was used to form the square openings on the silicon wafer
(Figure 16). The layout of the mask was determined based on the following factors. First,
the mask should include all sizes of the samples that are going to be tested. Second, each
sample should have a large enough edge area to attach the contact terminals. Third, the
space between each sample should be large enough so that it can be etched through
during wet etching to cause the wafer to break into separate samples, but not too large to
cause area waste on the wafer.

Figure 16. Plastic mask used for photolithography with opening sizes 2mm, 3mm,
5mm and 7mm; the spacing between different samples is 1mm.
The following is a recipe used to create the pattern on the wafer.
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3.3.1 Photoresist Deposition
(1) Deposit photoresist on the back side, the side that is not going to be patterned,
of the wafer
The wafer, already doped and oxidized, is pre-baked on a hot plate for 30 seconds
at 150 ºC. Pre-baking the wafer helps evaporate the molecular water that is absorbed from
the atmosphere by the oxide layer. Then an adhesion promoter called HMDS
(hexamethyl disilazane) is deposited on the wafer by spin coating for 15 seconds at 1000
RPM (revolutions per minute). The wafer is then soft-baked for 30 seconds at 120 ºC.
The HMDS bonds with the oxide layer to help remove moisture from the wafer and it
also provides adhesion between the photoresist and the wafer. The next step is to apply
the photoresist liquid (S1813) to the center of the wafer and spin for 20 seconds at 1000
RPM. Then the wafer is hard-baked for 24 minutes at 200 ºC. Hard-baking relieves any
stress resulting from the spinning process and further improves the adhesion between the
photoresist and the wafer.
(2) Deposit photoresist on the front side, the side that is going to be patterned, of
the wafer. The process is very similar to the previous steps with minor modifications:


Apply HMDS and spin for 15 seconds at 1000 RPM.



Soft-bake wafer for 30 seconds at 120 ºC.



Apply photoresist liquid (S1813) and spin for 30 seconds at 3000 RPM.



Soft-bake wafer for 90 seconds at 120 ºC.

Now the wafer is ready for UV exposure.
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3.3.2 UV Exposure and Development
After both sides of the wafer are coated with photoresist, the wafer and the mask
are placed in mask aligner and are exposed to UV light (365nm) for 3 minutes (Figure
17-a and b). Then the wafer is immersed into a chemical called developer (Microposit
MF-319) to remove the exposed part of the photoresist (Figure 17-c). After development,
the wafer is hard-baked for 24 minutes at 200 ºC. Hard baking strengthens the photoresist
and improves the adhesion between the photoresist and the wafer. Then the wafer is put
in BOE (Buffered Oxide Etch) solution to remove the exposed oxide layer (Figure 17-d).
In this step the remaining photoresist acts as a protection mask for the oxide layer under
it.
The photoresist on the back side of the wafer preserves the oxide layer from being
etched in BOE solution. The BOE etch rate on silicon dioxide is 100-500 nm/min at room
temperature, thus for an oxide layer of ~2.2 µm BOE etching takes 20-30 minutes to
complete. BOE etching creates an opening of silicon on the sample surface for wet
etching in KOH solution. Figure 17-e shows the last step before the wafer is ready for
KOH wet etching, removing the remaining photoresist in a solution called stripper
(solution 1165).
In the following KOH wet etching process the oxide layer serves as a hard mask
to keep the back side of the sample from being etched by KOH. Etching from only one
side of the sample ensures a smoother and thinner surface of the membrane.
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Figure 17. Photolithography process.
3.4 Bulk Micromachining
Bulk micromachining is the process of selectively removing material from the
substrate to create desired structures. The most popular method is to chemically etch
away the unwanted material from the substrate. If the etchant is in liquid form, then the
process is commonly known as wet chemical etching, or simply wet etching. If the
etchant is reactive gas or plasma, then the process is called dry etching.
Wet etching has been used in the semiconductor industry for more than 40 years.
It is an extremely selective bulk micromachining method compared to dry etching. Wet
etching is typically isotropic, meaning the etch rate is the same in all directions. On the
other hand, wet etching is usually anisotropic when used on crystalline materials where
the etch rate of a particular crystalline surface is dependent on the atom density of that
surface. Figure 18 shows the results of anisotropic and isotropic etching. After isotropic
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etching, the etch mask is slightly wider than the etched opening. This phenomenon is
called undercutting and it occurs due to the fact that the solution etches out some
substrate from the silicon wafer horizontally.

Figure 18. Anisotropic and Isotropic etching, side view. [35]
3.4.1 Dry Etching
Dry etching is mostly used for its anisotropic features as well as its ability to
adequately define features of small size (<100nm) and high resolution. In dry etching
chemical reactive gas or plasma is delivered into a vacuum chamber to bombard the
target wafer.
Plasma etching and reactive ion etching (RIE) are two common dry etching
methods. Plasma etching is a chemical reaction between the etchant gas and the substrate.
It is commonly used to remove photoresist or polymer after photolithography process
with oxygen plasma of low concentration, which is applied in this work as an alternative
method to using the solution stripper to remove photoresist. RIE is used when features
with high aspect ratios and high surface quality are required. It is typically done by
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bombarding heavy ions directed normal to the surface so vertical sidewalls can be
obtained.
3.4.2 Wet Etching
Anisotropic wet etching of silicon in alkaline solution is commonly used in the
fabrication of larger scale conventional MEMS. Different crystal planes etch at different
rates in anisotropic etching. The etch rate is lower on denser surfaces than loosely packed
surfaces. For example, the atom density of {111} planes of silicon is greater than {100}
planes, and the etch rate of {100} planes is almost 100 times greater than {111} planes.
Anisotropic etching of (100) silicon exposes {111} planes, creating sidewalls at an angle
of 54.74º (Figure 20). If the opening is small enough, the intersection of {111} planes
will cause a self-limiting etch result (Figure 19, Figure 21). {111} planes are the etchstop planes in alkaline solutions.

36

Figure 19. Silicon (100) surface, top view. [36]

Figure 20. Side profile after anisotropic etching.

Figure 21. Self-limiting etch, anisotropic etching of (100) silicon.
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In this work, four different wet etching methods were used in different fabrication
stages: BOE (buffered oxide etch), HF (Hydrofluoric acid), KOH (Potassium hydroxide)
and TMAH (Tetramethylammonium hydroxide). Table 2 shows the characteristics of
each etchant.
Table 2. BOE, HF, KOH, TMAH etch comparison. [37]
Etchant

Application

BOE

SiO2

Etch Rate (s)

Directionality

100-500 nm/min (25
Isotropic
ºC)
20-2000 nm/min
HF (48%)

SiO2

Isotropic
0.03 nm/min for Si
0.75 µm/min (70 ºC)

KOH (30%)

Si

Anisotropic
10 nm/min for SiO2
10 µm/min (90 ºC)

TMAH (22 wt%)

Si

Anisotropic
0.1 nm/min for SiO2

To obtain the micro-cavity structure with a thin membrane is the most important
step of the fabrication process in this work. It is crucial to have a very thin membrane on
the silicon cathode so that light can penetrate the membrane and reach the
semiconductor-electrolyte interface. The thin membrane can be achieved by carefully
controlling the KOH etching time. For wet etching we used both KOH and TMAH on
separate sample sets. Table 2 shows that TMAH etching is more selective than KOH
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etching, however, the final etching results did not show a tremendous difference between
the two etchant. Therefore, the samples used for I-V curve characterization in Chapter 4
are all fabricated by KOH etching.
The chemical reaction for KOH etching is:
(
The etch rate of 30% KOH at 70 ºC is 0.75 µm/min; therefore to achieve a thin
membrane from a wafer of 500 µm takes 9-10 hours. According to Figure 22, increasing
the temperature accelerates the etching process, but in order to obtain a smooth
membrane after etching, the temperature of the KOH solution is kept between 70-80 ºC in
this work.

39

Figure 22. KOH (30%) etch rate. [38]
3.5 Silicon Electrode Fabrication Results and Discussion
As a summary of the silicon electrode fabrication process, a two-side polished
low-resistivity (~0.016 Ω∙cm) p-type wafer was first doped with p-type (boron) dopants
to further reduce its resistivity (~0.014 Ω∙cm). Then it was wet-oxidized at 1100 C for 10
hours to grow a thick oxide layer (~2.2 µm, SiO2) on both sides. The oxide layer on one
side was patterned by photolithography to form square openings aligned to the (110)
direction of the single crystalline silicon substrate. The patterned wafer was then etched
in KOH solution (potassium hydroxide, 30%, 70 ºC) or TMAH (Tetramethylammonium
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hydroxide) solution (22%, 90 ºC) until the membrane of the micro-cavity became very
thin (~20-50 µm) without the formation of any through holes. At this stage, the
membrane was, to a small degree, transparent. The micro-cavity was formed in the wet
etching process. Before the sample was assembled, the oxide layer on the back of the
silicon electrode was removed by a cotton swab infused with HF (hydrofluoric acid,
48%) solution. Figure 23 demonstrates the fabrication process of the silicon electrode.

Figure 23. Silicon electrode fabrication process. [32]
Figure 24 shows a silicon electrode with an opening of 3 mm by 3 mm fabricated
by the aforementioned microfabrication methods. Because the cavity has slanted walls
after wet etching, the membrane area that receives light is smaller than the opening on the
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mask by ~0.33936 mm. Given that the thickness of the wafer is 500 µm, to calculate the
difference between the opening area and the effective light-receiving area of the etched
sample, assuming the etched membrane is ~20 µm, according to Figure 25,
(3)
For example,

, which is the thickness of the wafer (500 µm) minus the

thickness of the membrane (~20 µm); therefore the calculated x is ~0.33936 mm. Table 3
shows the difference between the mask opening size and the membrane size on all
samples.
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Figure 24. Silicon Electrode with a zoomed-in SEM view of the corner showing
the sharp edges and slanted walls. [32]
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Figure 25. Silicon electrode sample profile, opening size indicated as a, effective
light receiving area size indicated as b, membrane thickness is ~20 µm, and wafer
thickness is ~500 µm.
Table 3. Silicon electrode effective membrane area in comparison with mask
opening area.
Opening size (a)

2 mm

3 mm

5 mm

7 mm

Opening area

4 mm2

9 mm2

25 mm2

49 mm2

1.3213 mm

2.3213 mm

4.3213 mm

6.3253 mm

1.746 mm2

5.388 mm2

18.674 mm2

40.009 mm2

etched cavity
membrane size (b)
Effective light
receiving area

Discussion
It is important to note that the fabrication flow chart of Figure 23 is the final
fabrication method determined after trying and comparing many different methods. The
initial attempts to fabricate the silicon electrode using one-side polished wafers proved
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unsuccessful. Firstly I used one-side polished wafers and did not preserve the oxide layer
on the back. During KOH etching the chemical reaction took place on both the front and
the back side of the sample. The KOH etching time was particularly difficult to control.
Since the back side of the wafer is rough, tiny through holes (<0.1mm2) are very likely to
form. The electrode will be useless because the electrolyte solution put in the cavity will
leak out or evaporate during testing. Compared to the one-side polished wafers used
initially, two-side polished wafers plus etching only from the front side greatly eliminate
the formation of through holes, and the yield of samples per wafer is much higher. Figure
26 shows the back side of two samples that were etched in KOH solution. The sample
made of two-side polished wafer has a much smoother surface than the one made of oneside polished wafer.

Figure 26. The back side of two samples etched in KOH solution. The sample on
the left is made of two-side polished wafer and the one on the right is made of one-side
polished wafer.
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Chapter Four: I-V Characterization Results and Discussion

4.1 Contact Resistance Characterization
It is a process of trial and error to find the best method to make the contact
terminals between the silicon electrode and the external circuit. Contact resistance
degrades the solar cell’s output power and should be reduced to as low a value as
possible. Two methods were tested. The wire bonding method showed a small contact
resistance value that was applicable to assemble the PEC solar cell sample, while the
other one, copper wire and silver paint, was not applicable.
(1) Copper wire and silver paint
The first method was pasting copper wire on the back of the silicon electrode
sample with silver paint. In order to achieve as optimum a result as possible, the
cleanliness of the silicon surface should be very well maintained because native oxide
forms rapidly on the wafer’s surface. Each time before pasting the copper wire, a cotton
swab dipped in HF (hydrofluoric acid) solution was used to clean the edge area on the
silicon electrode. The membrane part was kept untouched because it was very delicate.
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After the assembly of the contact terminal, the measurements of the I-V
characteristic were performed. Results indicate the existence of a non-linear I-V
relationship (Figure 27), and the contact resistance can be as high as in the KΩ range,
which varies from 500 Ω to 30 KΩ. Repeated experiments yield similar results; therefore
it is certain that such an arrangement cannot be used to assemble the actual PEC solar cell
because of its high contact resistance.

I-V Characteristics of the Contact Terminal
(copper wire, experiment 1)
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Figure 27. I-V curve of the contact area on silicon electrode made by pasting
copper wire. Resistance ranges from 500 Ω to 30 KΩ.
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I-V Characteristics of the Contact Terminal
(copper wire, experiment 2)
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Figure 28. I-V curve of the contact area on silicon electrode made by pasting
copper wire. Resistance ranges from 168 Ω to 2.5 KΩ.
(2) Wire bonding
Wire bonding is commonly used for creating contacts between an Integrated
Circuit (IC) and its package. In MEMS industry, wire bonding is the primary method for
making interconnections between a MEMS device and a Printed Circuit Board (PCB). To
test the contact resistance of using the wire bonding method on a silicon electrode, two
wedge-bonded aluminum micro-wires were connected from different copper pads on the
PCB to the silicon electrode sample (Figure 28). BNC connectors were used to connect
the copper pads to multimeters. Figure 29 shows the measured I-V characteristics of the
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contact terminal with a resistance of 4 Ω, which is perhaps mainly from the wires and
silicon substrate itself rather than the contacts.

Figure 29. Contact terminals on the silicon electrode made by wire bonding. [32]
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I-V Characteristics of the contact terminal
(wire bonding experiment 1)
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Figure 30. I-V curve of the contact area, using the wire bonding method. Contact
resistance is 4 Ω.
In another experiment with a different sample using the wire bonding method, a
contact resistance of 2.5Ω was measured. Figure 31 shows a linear behavior of the I-V
curve. Repeated experiments that used wire bonding to create the contact terminal on the
silicon electrode show similar results of contact resistance within a few Ohms. (Figure
31) Therefore, wire bonding is a better method for making the contact terminal on a
silicon electrode.
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I-V Charateristics of the contact Area
(wire bonding experiment 2)
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Figure 31. I-V curve of the contact area, using the wire bonding method. Contact
resistance is 2.5 Ω.
4.2 PEC Solar Cell Assembly and Experiment Setup
To assemble the PEC solar cell, the cavity in the silicon electrode was filled with
ZnCl2 aqueous solution (1 M) and sealed with a sheet of 1mm thick zinc using Loctite®
super glue. The zinc electrode was cut into pieces slightly larger than the silicon
electrode, in order for leaving enough space to attach a copper wire on the zinc electrode
as the contact terminal to the external circuit. Figure 32 shows an assembled and sealed
PEC solar cell placed on a PCB for characterization.
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Figure 32. Assembled PEC solar cell on PCB.
The PEC solar cell is connected with a variable resistor for I-V curve
characterization. Figure 33 shows the circuit for the testing, and Figure 34 displays the
experiment setup in the lab. All measurements were performed under one sun light
intensity and room temperature.

Figure 33. I-V characterization circuit.
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Figure 34. I-V characterization experiment setup.
4.4 I-V Characterization Results
A typical I-V curve of a photovoltaic (PV) cell is shown in Figure 35. The short
circuit current (Isc) is the maximum current that the solar cell delivers, and its value is
obtained when the load connected in the external circuit is extremely small, as in the
short circuit situation (V = 0). The open circuit voltage (Voc) is the voltage across the
terminals of the solar cell when the load in the external circuit is extremely large, as in
the open circuit situation (I = 0). Voc and Isc are the maximum voltage and current that a
solar cell can generate, but at Voc and Isc the output power is zero. Fill factor (FF) is
defined as the ratio of the maximum output power to the product of Voc and Isc [39], and it
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represents the “squareness” of the I-V curve. In Figure 35, FF is the area radio of the
small rectangular to the large rectangular, as expressed in Equation (4),
(4)
The efficiency of the solar cell is calculated by Equation (5),
(5)
Pmax (W) is the solar cell’s power output at its maximum power point, E (W/m2) is
the energy from the input light which is 1000 W/m2 with an air mass 1.5 at room
temperature, and Ac (m2) is the surface area to receive light which is the membrane area
of the silicon electrode.

Figure 35. Solar Cell I-V Curve.
According to the experiment setup shown in Figure 34, I-V characterization
experiments were performed on assembled samples with cavity openings of 0.3 cm, 0.5
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cm and 0.7 cm, respectively. The I-V characterization results are shown in Figure 36,
Figure 37, and Figure 38.

I-V Characterization of a 0.3 cm-opening Sample
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Figure 36. I-V characterization for a sample with a cavity opening of 0.3 cm,
ZnCl2 (1M), the variable resistor used in the external circuit is 5 KΩ. Voc = 0.35 V, Isc =
0.15 mA, maximum power Pmax = 0.027 mW, and the conversion efficiency is 0.51%.
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I-V Characterization of a 0.5 cm-opening Sample
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Figure 37. I-V characterization for a sample with a cavity opening of 0.5 cm,
ZnCl2 (1M), the variable resistor used in the external circuit is 5 KΩ. Voc = 0.275 V, Isc =
0.575 mA, maximum power Pmax = 0.0696 mW, and the conversion efficiency is 0.373%.
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I-V Characterization of a 0.7cm-opening Sample
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Figure 38. I-V characterization for a sample with a cavity opening of 0.7 cm,
ZnCl2 (1M), the variable resistor used in the external circuit is 5 KΩ. Voc = 0.253 V, Isc =
1.833 mA, maximum power Pmax = 0.1441 mW, and the conversion efficiency is 0.36%.
Discussion
Table 4 summarizes the characterization results of the tested samples. The
maximum power output increases with the cavity opening size. In other words, a larger
effective light receiving area contributes to a greater power output. However, it does not
necessarily lead to higher conversion efficiency. The I-V curves of the 0.3-cm and 0.5-cm
samples are much smoother and conform to a typical photovoltaic cell I-V curve to a
much greater degree than the 0.7-cm sample. Possible explanations of such a result on
this sample include: the membrane area of the 0.7-cm sample is much larger than the 0.3
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cm and 0.5 cm samples by 6.4 and 1.14 times, respectively. Even though the 0.7-cm
sample has a greater cavity volume to contain more electrolyte solution, such a large but
thin membrane allows the electrolyte solution to evaporate into the atmosphere, therefore
not contributing to current generation. In addition, a large membrane sample is more
difficult to fabricate because it is more likely than samples of other sizes to get holes
during KOH etching. Since the FF of the 0.7-cm sample is as low as 0.31, it also
indicates that the majority of the current generated by the cell is dissipated due to internal
loss.
Table 4. Summary of I-V Characterization.
Cavity size (cm)

Voc (V)

Isc (mA)

Pmax (mW)

Efficiency (%)

FF

0.3

0.350

0.150

0.027

0.510

0.514

0.5

0.275

0.575

0.0696

0.373

0.440

0.7

0.253

1.833

0.1441

0.360

0.310
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Chapter Five: Conclusion and Future Work

This work presents the implementation and characterization of an electrolytebased PEC solar cells fabricated in the NEMS lab of the University of Denver. The cell
operates using a semiconductor-electrolyte junction in comparison to the solid state p-n
junction of traditional solar cells. It has been shown in Chapter 2 that a photocurrent can
be generated by semiconductor-electrolyte junction with proper choices of the two
materials. The semiconductor-electrolyte junction has a built-in potential that results from
the band bending in the semiconductor due to the Fermi level difference between the
semiconductor and the electrolyte. Optical excitation generates excess electron-hole pairs
within the semiconductor, and the built-in potential causes them to travel in opposite
directions to create a photocurrent. Light penetrates the membrane reaching the
semiconductor-electrolyte interface and generates excess electron-hole pairs that are
responsible for the photo-current.
The PEC solar cell presented in this project consists of a thin p-type silicon
membrane acting as the photocathode that houses a micro-cavity filled with zinc chloride
electrolyte, and sealed by a sheet of zinc acting as the anode. The fabrication of the
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photocathode featuring micro-fabrication techniques has been demonstrated in Chapter 3.
The silicon electrode is created by a series of processes including doping, oxidation,
photolithography; and, the thin silicon membrane is formed by controlled wet etching of
the micro-cavity. I-V characterizations of selective samples show that photovoltage and
photocurrent can be obtained from the PEC solar cell that is proposed in this thesis. The
proposed PEC solar cell functions as expected. The highest efficiency of the fabricated
PEC solar cells is 0.51%.
This thesis concentrated on the study of the PEC solar cell’s working mechanism
from a solid state physics aspect and the application of microfabrication methods on the
silicon electrode fabrication. Future work of this project includes: developing new contact
terminal connections to further reduce the contact resistance as well as to improve the
robustness of the contact terminal; developing new methods to assemble the solar cell to
prevent electrolyte solution leaking and evaporation, improving the solar cell’s lifetime;
last but not least, exploring the possibility of connecting the solar cells in series and in
parallel for higher voltage and current outcome.
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Appendix A: Contact Resistance Measurements.

Table 5. Contact Resistance Measurement, copper wire and silver paint method,
experiment 1.
V (V)
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0

I (mA)
0
0.01
0.01
0.01
0.02
0.03
0.04
0.06
0.08
0.10
0.13
0.17
0.29
0.37
0.48
0.65
0.83
1.12
1.70
2.64
3.84
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Table 6. Contact Resistance Measurement, copper wire and silver paint method,
experiment 2.
V (V)
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4

I (mA)
0.01
0.04
0.11
0.22
0.34
0.49
0.70
1.03
1.39
2.20
2.69
3.62
4.77
6.14
8.29

Table 7. Contact Resistance Measurement, wire bonding experiment 1.
V (V)
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3

I (mA)
0.0008
0.0237
0.0453
0.0672
0.0895
0.1126
0.1361
0.1607
0.1865
0.2129
0.2398
0.2680
0.2980
0.3272
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1.4
1.5
1.6
1.7
1.8
1.9
2.0

0.3600
0.3900
0.4200
0.4550
0.4910
0.5270
0.5640

Table 8. Contact Resistance Measurement, wire bonding experiment 2.
V (V)
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2

I (mA)
0
41.95
83.95
126.26
168.22
210.27
251.58
292.94
334.00
374.26
413.70
452.93
491.68
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Appendix B: I-V Measurements

Table 9. I-V Measurements of sample with 0.3 cm cavity opening.
V (V)

I (mA)

0.0013

0.150

0.0235

0.145

0.0422

0.142

0.063

0.141

0.078

0.140

0.124

0.138

0.163

0.133

0.197

0.126

0.218

0.121

0.237

0.114

0.254

0.106

0.262

0.101

0.268

0.093

0.274

0.086

0.277

0.082

0.280

0.077

0.285

0.073

0.290

0.064

0.350

0
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Table 10. I-V Measurements of sample with 0.5 cm cavity opening.
V (V)

I (mA)

0
0.129
0.156
0.174
0.200
0.215
0.230
0.236
0.242
0.247
0.251
0.254
0.256
0.260
0.262
0.262
0.265
0.266
0.267
0.268
0.271
0.275

0.575
0.483
0.438
0.400
0.335
0.296
0.250
0.232
0.207
0.188
0.172
0.154
0.147
0.125
0.112
0.107
0.092
0.085
0.076
0.070
0.056
0

Table 11. I-V Measurements of sample with 0.7 cm cavity opening.
V (V)

I (mA)

0.0027

1.833

0.0031

1.840

0.0178

1.814

0.044

1.779

0.123

1.100

0.131

1.100
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0.156

0.709

0.184

0.373

0.200

0.227

0.213

0.183

0.226

0.153

0.235

0.101

0.239

0.080

0.245

0.053

0.253

0.035
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